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A B S T R A C T
The geogrid can be damaged in the process or during construction if sufficient care is not exercised. In this study,
the numerical software-FLAC was adopted to investigate the responses of pre-damaged geogrids with rectangular
apertures when subjected to a uniaxial tensile load at different directions relative to the orientations of ribs in
air. To simulate the combined loss of ribs and junction strength, specimens were pre-damaged by reducing
certain amount of stiffness of the geogrid ribs. The geogrid ribs were modeled using beam elements jointed
rigidly at nodes and subjected to tension in one direction. The numerical study demonstrated that the pre-
damaged geogrid with rectangular apertures had similar responses when it was subjected to tension at the
loading directions. The pre-damaged geogrids under 30° tension are the most sensitivity to the damage. With the
increase of the degree of damage, the tensile strengths decreased relative quickly. An increase of the degree of
installation damage of ribs decreased the tensile strength/stiffness of the geogrid with rectangular apertures. A
higher reduction factor RFID due to installation damage is suggested when the geogrid is subjected to 30° tension
relative to the orientation of ribs.
Introduction
Geogrids have been successfully and widely used in many en-
gineering projects. The use of geogrids may be associated with the use
of heavy machinery for construction of reinforced structures. The
geogrid can be damaged in the process if sufficient care is not exercised.
The placement and compaction of fill material during construction may
also result in damage. Some damage is likely unavoidable and must be
taken into account in design as a matter of routine. The investigation of
installation damage of geogrids using full-scale field tests has been
performed since 1980s (for example, [1,13,12,14,5]). It has shown that,
the extent, severity and type of damage depend on the degree of care
exercised during the construction, the type and number of passes of
machinery employed [14], the graduation, angularity and condition of
the fill material [13,12,5]. Laboratory tests on installation damage of
geogrids are preferred considering time and cost-effectiveness, such as
those performed by Paula et al. [11], Hufenus et al. [10], Huang and
Chiou [7], Huang [6], and Huang and Wang [8]. Therefore, it is prac-
tically impossible to predict the actual manner and extent of damage
that a given reinforcement may suffer under all construction conditions.
Furthermore, biaxial geogrids were used to carry tensile force in one
or two directions along the ribs due to apertures shape (i.e., rectangular
or square). Almost all the tensile and pullout tests of the geogrid
especially for the damaged specimen have been conducted in the di-
rections same as the orientations of the geogrid ribs (i.e., machine and
cross-machine directions). In real applications, however, applied loads
may not necessarily follow the orientations of these ribs, for example,
traffics on construction sites and parking lots. How the damaged geo-
grid responds if subjected to a tensile load at a direction different from
the orientations of biaxial geogrid ribs is not well understood.
Considering the variability involved, a numerical method was
adopted in the present study to evaluate the effect of installation da-
mage upon the tensile strength of a given geogrid with rectangular
apertures when subjected to a uniaxial tensile load at different direc-
tions relative to the orientations of ribs in air. The proposed method
does not address the susceptibility of a geogrid to damage, but rather it
focuses on the effect of a certain amount of damage on the tensile
strength. It will be seen that even a relatively large amount of damage
to the geogrid ribs does not substantially affect the tensile strength of
the geogrids used in this investigation. The reason for selecting a uni-
axial loading test is that this test is the most common method to eval-
uate the stress-strain behavior of geosynthetics.
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As stated earlier, the amount and type of damage caused on a
geogrid in actual construction are random in nature. To simulate the
combined loss of ribs and junction strength, specimens were pre-da-
maged by reducing the strength and stiffness of the geogrid ribs by a
certain amount. For the comparison purpose, the geogrid specimen of
the same dimension without any damage was also simulated.
This paper focuses on the quantitative evaluation for the reduction
factor due to installation damage of a geogrid with rectangular aper-
tures using the numerical method.
Numerical modeling
In this study, the software FLAC 2D was used to evaluate the be-
havior of a pre-damaged geogrid with rectangular apertures. For the
application of the finite difference software - FLAC (Fast Lagrangian
Analysis of Continua) 2D, Han and Gabr [4] considered the geosyn-
thetic reinforcement as linear elastic material. Huang et al. [9] used
cable elements to model the geosynthetic reinforcement. Dong et al. [2]
used beam elements to investigate the stress-strain responses of biaxial
geogrids under tension. Dong et al. [3] used the same beam elements to
simulate the tensile behavior of both biaxial and triaxial geogrids.
Model considerations
With a linearly elastic-perfectly plastic behavior, beam elements
with a large-strain mode were selected to represent the rib of the pre-
damaged geogrid sample. All the nodes of beam elements were jointed
rigidly to form apertures and a geogrid sheet.
To model a geogrid sample at different installation damage condi-
tions, certain degree of damage was assigned to the geogrid ribs. Only
the geogrid ribs in the middle of the whole test sheet along the cross-
machine direction (XMD direction) was pre-damaged (i.e., the red line
in the middle as shown in Fig. 1). The numerical analyses of the tensile
behavior of these cases under tension will be presented in the following
section. The degree of damage was mainly determined by reducing the
ultimate tensile strength of the assigned geogrid ribs to a desired value
(i.e., 0%, 25%, 50%, and 75% reduction of the ultimate tensile
strength). The geogrid sheet was rotated around a fixed centroid to a
desired angle (0, 45, 60, and 90°) to model a pre-damaged geogrid
specimen subjected to an uniaxial tensile load at a different direction.
The geogrid specimen without any damage (i.e., the degree of damage
equals to 0) was also simulated for the comparison purpose.
A mesh size of 330mm by 200mm for the whole specimen (the
minimum size of geogrid sample required by ASTM D6637-01 for a
geogrid tensile test was 300mm by 200mm) was selected to accom-
modate complete apertures for the pre-damaged geogrid specimen for
this analysis. The aperture size was selected based on a real geogrid
with rectangular apertures, available in the market. The detailed phy-
sical properties are listed in Table 1.
As stated in ASTM D6637-01, the specimen was gripped across its
entire width in the clamps of a constant rate of extension type tensile
testing machine operated at a prescribed rate of extension, applying a
uniaxial load to the specimen until the specimen ruptures. Tensile
strength (kN/m), elongation, and secant modulus of the test specimen
can be calculated from the test data.
To simulate a laboratory tensile test of a geogrid sample, the geogrid
mesh for numerical analysis was created by fixing the movement in x
and y directions at the left boundary as shown in Fig. 1. The movement
in the y direction was fixed but not in the x direction at the right
boundary. The rotation around each node was not allowed. Fig. 1 shows
the numerical mesh for the pre-damaged geogrid oriented in a 0-degree
angle (i.e., the cross-machine direction of the geogrid) as an example.
On each node on the right boundary, an equal velocity at 5e-8 m/step
was applied horizontally until the failure. This loading direction was
considered as 0-degree tension direction.
Model verification
The model parameters were determined based on the physical
properties listed in Table 1. Fig. 2 shows the comparison of numerical
and test results of the geogrid under 0 and 90°tension. This comparison
verified the reasonability of the numerical model. Detailed information
about this verification can be found in Dong et al. [2].
To investigate the effect of the tensile stiffness and strength, a
simplified geogrid with the same material parameters in MD and XMD
was used in this study. Detailed discussion on this simplification can be
found in Dong et al. [3]. The simplified geogrid model with rectangular
apertures was also used in this study. The parameters used in this study
Fig. 1. Meshes of a pre-damaged geogrid with rectangular apertures (with numbers).
Table 1















MD Values 25 1.27 6.0 19.2
XMD Values 33 3 9.0 28.8
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are provided in Table 2. The geogrid is designated as Geogrid B together
with a pre-damaged degree (i.e. B-0, B-25, B-50, and B-75). Here, the
pre-damaged degree means the degree of the damaged geogrid spe-
cimen due to installation damage. As a practical point of view, it means
the loss of tensile strength of geogrid due to installation damage. All the
geogrids had the same cross-section area of ribs and moment of inertia
with the value of 3.81× 10−6 m2 and 10−12 m4, respectively. Geogrids
B-25 had a 25% reduction of both elastic modulus and yield strength as
compared with Geogrid B-0.
Numerical results and analysis
The degree of damage was mainly determined by reducing the ul-
timate tensile strength of the assigned geogrid ribs to a desired value
(i.e., 0%, 25%, 50%, and 75% reduction of the ultimate tensile
strength). The loss of tensile strength due to damage was evaluated by
the percentage of tensile strength retained (PTR) and reduction factor
(RFID) against installation damage. Here, the percentage of retained
tensile strength (PTR) is referred to the tensile strength of the pre-da-
maged geogrid specimen divided by the tensile strength of intact geo-
grid specimen times hundred percent. Reduction factor (RFID) is defined
as the ratio of the tensile strength of intact geogrid specimen to the
tensile strength of the pre-damaged geogrid specimen.
Stress-strain curves
The numerical results of the tensile behavior of the pre-damaged
geogrids subjected to different tensile loading relative to the orientation
of XMD ribs are summarized in the following figures. The first number
Fig. 2. Comparison of numerical and test results of the geogrid with rectangular
apertures at 0 and 90° [2].
Table 2















B-0 0 3.81 0.512 2625 168
B-25 25 3.81 0.512 1969 126
B-50 50 3.81 0.512 1313 84
B-75 75 3.81 0.512 656 42
Fig. 3. Stress- strain curves of pre-damaged geogrid of 25% degree of damage
with rectangular apertures at all loading directions.
Fig. 4. Stress- strain curves of pre-damaged geogrid of 50% degree of damage
with rectangular apertures at all loading directions.
Fig. 5. Stress- strain curves of pre-damaged geogrid of 75% degree of damage
with rectangular apertures at all loading directions.
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groups (i.e. 0°, 30°, 45°, 60°, and 90°) in the figures represent the
loading directions while the second number groups (i.e. 0, 25, 50, and
75) represent the degree of damage.
Effect of loading directions
Fig. 3 presents the stress-strain responses of the pre-damaged geo-
grids at 25% degree of damage. The solid lines in Fig. 3(a) are plotted
using the average strain of the geogrid sample while the dashed lines in
Fig. 3(b) are plotted using the maximum strain at yield. Here, the
Fig. 6. Stress- strain curves of pre-damaged geogrid with rectangular apertures under different tension.
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definition of the average strain was the value of the horizontal move-
ment at the right boundary divided by the initial length of the sample.
The maximum strain was defined as the largest strain mobilized among
all the ribs in each geogrid sample. As shown in Fig. 3, the stress-strain
curves for the pre-damaged geogrids at all loading directions are nearly
the same, except for the 45-degree loading. Under 45-degree tension,
the maximum strain of the pre-damaged geogrid sample was much
smaller than the average strain due to necking. In the following sections
of this paper, an average strain will be used for discussion.
Fig. 7. Distribution of tensile strengths around 360° at 25% degree of damage
(unit: kN/m).
Fig. 8. Distribution of tensile strengths around 360° at 50% degree of damage
(unit: kN/m).
Fig. 9. Distribution of tensile strengths around 360° at 75% degree of damage
(unit: kN/m).
Fig. 10. Distribution of tensile stiffness around 360° at 25% degree of damage
(unit: kN/m).
Fig. 11. Distribution of tensile stiffness around 360° at 50% degree of damage
(unit: kN/m).
Fig. 12. Distribution of tensile stiffness around 360° at 75% degree of damage
(unit: kN/m).
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It can be seen in Fig. 3 that the pre-damaged geogrid under zero
degree tension with the ultimate strength value of 28 kN/m had the
highest tensile strength and stiffness. The second higher tensile strength
and stiffness is the pre-damaged specimen under 90° tension with the
ultimate strength value of 22.4 kN/m. The tensile strength and stiffness
at 0°and 90°are much larger than those in other directions because the
ribs at these orientations can provided stronger resistance.
Figs. 4 and 5 show the stress-strain curves of the pre-damaged
geogrids at 50% and 75% degree of damage, respectively. As compared
with the numerical results of the pre-damaged geogrids at 25% degree
of damage, it can be found out that the pre-damaged geogrid has a
similarly stress-strain response at a specific degree of damage. It also
can be found out that the tensile stiffness (i.e. the initial slope) is
constant for each pre-damaged geogrid at a certain loading direction
except the geogrid at 45° loading.
Effect of degree of damage
Fig. 6 shows the stress-strain curves of different degree of damage
under uniaxial tension at a specific loading direction (i.e., 0°, 30°, 45°,
60°, and 90°). Also the results of the intact geogrid (i.e., the degree of
damage equals to zero) are listed in the same figure for the comparison
purpose. All the curves are plotted using the average strain.
Fig. 6(a) shows the stress-strain curves of the pre-damaged geogrids
subjected to 0-degree tension loading (i.e., same as the XMD). The
tensile strength/stiffness decreased with the increase of the degree of
damage. The value of ultimate tensile strength decreased from
28.80 kN/m to 28.00 kN/m, 27.19 kN/m, and 26.40 kN/m, respec-
tively. It can be calculated that the losses of the ultimate tensile
strength are 3%, 6%, and 8% at the degrees of damage of 25%, 50%,
and 75% (i.e., the strength loss of the assigned geogrid ribs due to in-
stallation damage), respectively. The applied tensile force was mostly
carried by the ribs parallel to the loading direction when subjected to 0-
degree tension. The loss of the ultimate tensile strength was due to the
strength loss of ribs (i.e., ribs in the middle of the whole test sheet along
the cross-machine direction) due to installation damage.
Fig. 6(b) shows the stress-strain curves of the pre-damaged geogrids
under 30-degree tension to the loading direction. With the increase of
the degree of damage, the tensile strength and stiffness decreased sig-
nificantly. At the degree of damage of 25%, 50%, and 75%, the ultimate
tensile strengths were 2.73 kN/m, 1.98 kN/m, and 1.2 kN/m, respec-
tively. As compared with the ultimate strength of 3.46 kN/m of the
intact geogrid sheet, the losses of the ultimate tensile strength were
21%, 43%, and 65%, respectively. The larger loss of the tensile strength
was due to the diagonal ribs (i.e., the damaged ribs) which were sup-
posed to carry more load at higher strains. The higher strains along the
diagonal ribs would lead to the quick failure of the whole geogrid
specimen.
Fig. 6(c) shows the stress-strain curves of the pre-damaged geogrids
subjected to 45-degree tension. At the initial stage of tension, the stress-
strain curves are nearly the same with the increase of degree of damage.
More obvious differences can be observed after the values of strains
exceed 23%. The necking with excessive extension in the loading di-
rection developed first before the damaged ribs worked.
Fig. 6(d) and 6(e) present the stress-strain curves of the pre-da-
maged geogrids subjected to 60-degree and 90-degree tension. Minor
differences could be found in the stress-strain curves for the pre-da-
maged geogrids at different degree of damage. The slight differences
show that the ribs carried the tensile loads when the geogrid subjected
to 60-degree and 90-degree tension had little strength loss. The in-
stallation damage on the geogrid ribs in the middle of the whole test
sheet along the cross-machine direction had little effect on the ultimate
tensile strength.
Tensile strength/stiffness distributions
As shown in Figs. 3–5, the tensile stiffness (i.e. the initial slope) is
constant from 0 to 6.4% for each geogrid at a certain loading direction
except the geogrid at 45°loading. To investigate the effects of the degree
of damage on the tensile strength/stiffness distributions, the numerical
results are summarized in Figs. 7–12. Figs. 7–9 present the tensile
strength distributions of the pre-damaged geogrid around 360° at a
specific degree of damage (i.e., the dashed lines). Figs. 10–12 present
the tensile stiffness distributions of the pre-damaged geogrid around
360° at a specific degree of damage (i.e., the dashed lines). The
Table 3
PTR of the pre-damaged geogrid at all loading directions (%).
Tension Directions Degree of Damage
0% 25% 50% 75%
0° 100 97 95 92
30° 100 80 59 37
45° 100 100 100 100
60° 100 100 100 100
90° 100 100 100 100
Table 4
RFID of the pre-damaged geogrid at all loading directions.
Tension Directions Degree of Damage
0% 25% 50% 75%
0° 1.00 1.03 1.06 1.09
30° 1.00 1.25 1.70 2.69
45° 1.00 1.00 1.00 1.00
60° 1.00 1.00 1.00 1.00
90° 1.00 1.00 1.00 1.00





















0 30 Exponential(0) Exponential(30)
Degree of damage, %
Fig. 14. RFID against degree of damage.
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distributions of the intact geogrid (i.e., the solid lines) are plotted in the
same figure for the comparison purpose. An average strain of 5% which
is typically used in practice was selected to determine the tensile
strength/stiffness for all loading direction. Each point in the plot area
represents the value of tensile strength/stiffness at certain loading di-
rection. For example, the point at the positive horizontal axis in Fig. 7
represents the tensile strength value at 0° loading direction and de-
termined at 5% average strain. The numbers (i.e. 0, 25, 50, and 75) in
the figures represent the degree of damage.
Figs. 7 and 12 show that the tensile strengths/stiffness of the pre-
damaged specimen is not only dependent on the loading direction re-
lative to the orientation of ribs, but also dependent on the degree of
damage. It can be observed that the tensile strength/stiffness at the 30°
loading direction is more sensitive to the damage than the one at 0°
loading direction. This result demonstrated that the resistance against
30° tension is mainly provided by the geogrid ribs in the middle of the
whole test sheet along the XMD. Once the main ribs were damaged, the
tensile strength/stiffness decreased sharply. This situation is more
danger in the engineering practice. For the pre-damaged geogrid under
0° tension (cross-machine direction), all the geogrid ribs along XMD can
provide resistance to the tension. Even the strength loss of the geogrid
ribs in the middle of the whole sheet along the XMD reached 75%, the
loss of the overall tensile strength was less than 10%. For the pre-da-
maged geogrid under 90° tension (machine direction), all the geogrid
ribs along MD can provide resistance to the tension. The strength loss of
the geogrid ribs in the middle of the whole sheet along the XMD had
little effects on the overall tensile strength/stiffness. For the pre-da-
maged geogrid under 45° and 60° tension, the damage ribs along the
middle of the whole sheet in the XMD hardly affected the overall tensile
strength/stiffness.
Reduction factors due to installation damage
The results of the percentage of tensile strength retained (PTR) and
reduction factor (RFID) against installation damage are summarized in
Tables 3 and 4, respectively. To investigate the effects of degree of
damage on the tensile strength, the PTR and RFID against the degree of
damage at the loading direction of 0° and 30° are plotted in Figs. 13 and
14, respectively.
As listed in Table 3, the values of percentage of tensile strength
retained (PTR) at 0° tension due to installation damage ranged from
100% to 97%, 95%, and 92% with the degree of damage increased from
0% to 25%, 50%, and 75%, respectively. The relationship between PTR
and degree of damage at 0° tension can be observed in Fig. 13. Fig. 13
shows a linear trend with a R-squared value of 0.999. With the increase
of degree of damage from 0% to 25%, 50%, and 75%, the reduction
factor (RFID) against installation damage increased from 1.00 to 1.03,
1.06, and 1.09, as listed in Table 3, respectively. An exponential trend
with a R-squared value of 0.999 is illustrated in Fig. 14.
For the pre-damaged geogrid under 30° tension, the values of PTR
listed in Table 2 ranged from 100% to 80%, 59%, and 37% as the de-
gree of damage increased from 0% to 25%, 50%, and 75%, respectively.
A linear relationship with a R-squared value of 0.999 between PTR and
degree of damage at 30° tension can be observed in Fig. 13. With the
increase of degree of damage from 0% to 25%, 50%, and 75%, the RFID
against installation damage increased from 1.00 to 1.25, 1.70, and 2.69,
respectively. An exponential trend with a R-squared value of 0.966 is
illustrated in Fig. 14.
Independent of the change of the degree of damage, the values of
PTR and RFID of the pre-damaged geogrid under 45°, 60°, and 90° ten-
sions are 100% and 1.00, respectively. .
The largest range of RFID of geogrid suggested by Koerner [15] is
1.2-1.5. Except for the pre-damaged geogrid under 30° tension, all the
RFID are within this range. For the pre-damaged geogrid specimen
under 30° tension, the RFID already reached 1.70 at the damage of 50%.
Thus, a higher RFID due to installation damage is suggested when a
geogrid is subjected 30° tension relative to the orientation of ribs.
Conclusions
The tensile behavior of a pre-damaged geogrid with rectangular
apertures under uniaxial tension at different loading directions was
investigated using the numerical software FLAC 2D. Certain degree of
damage was assigned to the geogrid ribs to model a geogrid sample at
different installation damage conditions. Only the geogrid ribs in the
middle of the whole test sheet along the cross-machine direction (XMD
direction) was pre-damaged. Several conclusions can be drawn based
on the above numerical analysis:
(1) The numerical study demonstrated that the pre-damaged geogrid
with rectangular apertures had similar stress-strain responses at a
specific degree of damage when it was subjected to tension at the
loading directions. The pre-damaged geogrids under 30° tension
had the highest sensitivity to the damage. With the increase of the
degree of damage, the tensile strengths decreased relative quickly.
(2) An increase of the degree of installation damage of ribs decreased
the tensile strength/stiffness of the geogrid with rectangular aper-
tures.
(3) The pre-damaged geogrid subjected to 0° and 30° tension had a
linear relationship between the percentages of tensile strength re-
tained and the degrees of damage. There was an exponential re-
lationship between the reduction factors and the degrees of da-
mage.
(4) A higher RFID value due to installation damage is suggested when a
geogrid was subjected 30° tension relative to the orientation of ribs.
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